Objective: To explore noninvasive assessment of liver fat content with iron deposition using magnetic resonance (MR) quantitative technology. Methods: A water-fat phantom with iron deposition containing 63 vials with predetermined fat percentages and iron concentrations was constructed. Thirty-three patients underwent fat quantitative MR examinations. The fat fraction (FF) was determined by three Dixon techniques. Pathological evaluation findings and the steatosis area rate (SAR) were used as the gold standards. Results: FF IOP and FF LAVA-Flex significantly differed from FF TEST for iron concentrations of 1 to 30 mg/mL and fat components of 10% to 80%. Using the three Dixon techniques, FF IOP was 15.76% AE 6.98%, FF LAVA-Flex was 16.71% AE 6.77%, and FF IDEAL IQ was 13.18% AE 6.42% in patients without liver cirrhosis; these values in patients with liver cirrhosis were 20.35% AE 6.11%, 20.89% AE 8.49%, and 12.86% AE 4.00%, respectively. The SAR in patients without and with liver cirrhosis was 11.31% AE 5.89% and 9.84% AE 4.17%, respectively. There were significant positive correlations between FF IDEAL IQ and SAR with or without liver cirrhosis.
Introduction
Hepatic steatosis is caused by several chronic liver diseases and drug reactions; it is also the main change in the early stages of many diffusive liver diseases. 1 Hepatic steatosis may evolve into steatohepatitis, liver fibrosis, cirrhosis, and even hepatocellular carcinoma, which can ultimately lead to liver failure. 2 Fatty infiltration is an obvious indicator of steatosis and often occurs in the hepatocytes of patients affected by non-alcoholic fatty liver disease (NAFLD). 3, 4 Steatohepatitis reflects druginduced liver damage by anticancer drugs, anti-tuberculosis drugs, and nonsteroidal anti-inflammatory drugs. [5] [6] [7] [8] [9] Thus, accurate and quantitative assessment of the liver fat content is crucial when monitoring drug reactions, predicting postoperative risk, and assessing donor suitability before liver transplantation. 10 The Dixon techniques based on magnetic resonance (MR) imaging have recently become widely used in fat content quantification. 11, 12 Although many reports have described these fat-water separation applications, [13] [14] [15] [16] the complexity of the liver microenvironment is often not considered. The most important consideration is that the sensitivity of the hepatic fat fraction (FF) may be affected by unknown substances in the liver microenvironment, such as iron deposition. Recent studies have shown that ferritin and hemosiderin can play prominent roles in the uniformity of the main magnetic field and that hydrogen proton T 2 * relaxation accelerates and interferes with detection of the fat signal. These conditions may bring about changes in local B 0 homogeneity, T1 and T2* relaxation times, and the fat spectrum amplitude and distribution. 16, 17 The most recent studies have considered the simultaneous conditions of hepatic iron overload and hepatic fat accumulation and their synergistic interactions. 18 Iron overload caused by alcoholic fatty liver disease, NAFLD, drug reactions, hepatitis virus infection, and repeated blood transfusion can aggravate hepatic steatosis, which may evolve into cryptogenic cirrhosis and even hepatic carcinoma. Liver injury caused by fatty degeneration also results in the accumulation of ferritin and hemosiderin in the liver microenvironment. 19, 20 These potential changes in the liver microenvironment force us to consider the effects of iron deposition when evaluating the fat content. International standards of iron overload have not been unified. Iron overload (serum ferritin concentration of >1 mg/mL) can markedly affect the homogeneity of the magnetic field as described in previous reports. This affects the in-phase and out-of-phase times, leading to changes in the signal intensity (SI) in voxels as well as errors in water-fat separation based on the quantitative FF. 20 In this study, three Dixon techniques, namely in-phase and out-of-phase (IOP) imaging, the liver imaging with volume acceleration-flexible (LAVA-Flex) sequence, and the iterative decomposition of water and fat with echo asymmetry and least-squares estimation quantification sequence (IDEAL IQ), were compared in vitro and in vivo. The purpose of this study was to explore whether these three methods can accurately quantify the hepatic fat content in the presence of iron deposition.
Materials and methods

Preparation of water-fat phantom with iron deposition
As described in previous reports, we prepared a water-fat phantom with iron deposition comprising 63 18-mL polyvinyl chloride vials of known fat volume percentages (9 vials in 10% increments from 0% to 80%) and iron concentrations (0, 1, 4, 8, 10, 20, and 30 mg/mL). 21, 22 Vegetable oil was used because it has a proton nuclear magnetic resonance spectrum similar to that of the triglyceride protons in adipose tissue. 17 Appropriate vegetable oil (q ¼ 0.896 g/cm 3 ) was dispensed by weight into vials to simulate fat stacking in hepatocyte cytoplasm. We used deionized water as a soluble medium for iron in this study. Lecithin, as a double surfactant with both hydrophilic and hydrophobic properties, was used at a 100-mg/mL concentration in the merged water and oil phases. Dextriferron is an important iron supplement formulation and can shorten T2* relaxation. 23 In the present study, water-soluble iron dextran (5 mg/mL; Pharmacosmos A/S, Holbaek, Denmark) was used to mimic iron overload and was diluted in deionized water at a 1:10 ratio. The iron dextran solution was then obtained in several aliquots (0, 10, 40, 80, 100, 200, and 300 mL) and titrated with the water-oil phantom. The solutions were homogeneous and mingled with iron concentrations of 0, 1, 4, 8, 10, 20, and 30 mg/ mL, respectively, in each of the 9 groups, forming a total of 63 test tubes. A supershear emulsifying machine (FM300; Fluko, Shanghai, China) was used to splinter the large water and oil particles into small ones to overcome their surface tension. A highpressure homogenizer (APV-2000; Berlin, Germany) was used to blend the phantom samples and facilitate the formation of oilin-water or water-in-oil products.
Phantom scanning
Phantom imaging acquisition was conducted on a 3.0T MR imaging scanner (Discovery MR 750; GE Healthcare, Chicago, IL, USA) using an 8-channel head coil. The water-oil phantom was fixed on the tray and placed in the center of the head coil. All examinations were performed in the supine position. The sequences included fast-spoiled gradient echo T1-weighted imaging with a two-point Dixon technique for the IOP, LAVA-Flex, and IDEAL IQ methods. The scan parameters for the three different fat quantification methods are shown in Table 1 .
Phantom imaging analysis
Phantom imaging analysis was performed on the vendor-supplied workstation (Advantage Workstation 4.6; GE Healthcare). The FF was measured in regions of interest (ROIs) in the threedimensional (3D) dual-echo sequences, and LAVA-Flex sequences were defined using the images of each tube for each acquisition. The images from the IP and OP images in the 3D dual-echo sequence and the water and fat phases in the LAVA-Flex sequence were spatially registered. The central area of the cross section of the test tube was selected as the ROI so that it was as far as possible from the edge of the tube to avoid magnetic susceptibility artifacts. The ROI area was 1.5 cm 2 given an effective inner diameter of 1.8 cm, and the ROIs were copied to different images to ensure consistency. For the IOP images, the FF value was calculated using Formula (1), where the SI for IP and OP (SI IP and SI OP ) are the SI levels measured on the IP and OP images, respectively. For the LAVA-Flex images, the FF value was calculated using Formula (2), where SI water and SI fat are the SIs measured on the pure water and pure fat images, respectively. For the IDEAL IQ images, the FF IDEAL IQ and R2* were measured on FF mapping and R2* mapping according to the Formula (3) algorithm.
Patient enrollment and MR imaging Table 2 .
Patient imaging analysis
The FF IOP , FF LAVA-Flex , and FF IDEAL IQ were calculated in the clinical study. The ROIs were manually chosen with avoidance of obvious lesions, vessels, and artifacts within the same segment. All measurements were made by an experienced radiologist who had 6 years of experience and was blinded to the pathological results. 
Pathological assessments
The pathological results of the liver resection were used as the gold standard for liver steatosis and fibrosis. All histopathological assessments were performed using a Â40 microscope by two pathologists with more than 5 years of diagnostic experience. Liver steatosis was scored based on the proportion of hepatocytes containing lipid droplets. ROIs of 1 cm 2 were placed outside the liver tumor tissue. The steatosis area rate (SAR) was calculated using Formula (4).
Statistical analysis
Paired t tests were performed to determine whether statistical significance existed between the FF measurements and the fat content. One-sided analysis of variance was used to determine whether statistically significant differences in the measured FF values existed between measurements obtained using IOP, LAVA-Flex, and IDEAL IQ. Linear regression was performed between the known FFs and the measured FFs obtained from the different imaging methods. Spearman's correlation coefficient was used to compare the consistency among the results obtained from the three different techniques and the SAR in the groups with or without cirrhosis.
Results
Phantom equivalent evaluation Figure 1 shows the vials with 10% fat and increasing iron concentrations (left to right) from 0 to 30 mg/mL. Oil-in-water models were visible as round structures, and iron dextrin was uniformly dissolved in water. Increasing iron concentrations darkened the color of the water. The solutions with setp-up iron concentrations were displayed on a particle sizing distribution graph (Particle Sizing Systems, Santa Barbara, CA, USA). Based on the intensityweighted Gaussian distribution analysis for water and 10% oil phantom, the mean diameter was estimated as 202.5 nm and standard deviation as 70.1 nm; the 75% oil-in-water particles of the distribution were estimated to be <240.7 nm. The particle sizing followed a Gaussian distribution, indicating stable and successful emulsification as a micro-emulsion solution.
Phantom homogeneity evaluation
Three points were selected to measure the SI from top to bottom. The ROI was placed by one investigator with more than 5 years of MR diagnostic experience, and the area of the ROI was 1.5 cm 2 (less than the area of the tube wall). The homogeneity of the model was evaluated using the average value of the difference among the three slices. The SI deviations at the adjacent slices were within 10%.
Phantom analysis
The phantom content comprised water, vegetable oil, and iron emulsified by lecithin. The water-oil phantom with iron deposition was scanned via IOP, LAVAFlex, and IDEAL IQ sequences, and the SI values are shown in Figure 2 . When the oil content was <50%, the oil-in-water phase was steady. However, when the oil content exceeded the water content, the balance of oil and water was disturbed, and phase inversion occurred. When the oil content was >50%, the water-in-oil phase was relatively stable. Figure 3 shows the measured FF against the known FF (FF TEST ) for all iron concentrations produced in the IOP condition. The paired t test results regarding changes in the measured FF at various iron concentrations and the distribution of the 95% confidence interval (CI) are summarized in Table 3 . The results regarding fitting of the linear regression are summarized in Table 4 . As shown in Figure 3 , the higher the iron concentration, the greater the deviation between the FF IOP and the actual FF TEST . There was a significant difference between the measured FF IOP and FF TEST for iron concentrations ranging from 1 to 30 mg/mL (p ¼ 0.000-0.045) and fat components ranging from 10% to 80% (p ¼ 0.000-0.038). The 95% CI for the upper limit of the estimated value of the fat content was 40%, meaning that accuracy was low despite the statistically significant linear regression analysis result. Figure 4 shows the correlation between the FF LAVA-Flex and FF TEST using the LAVA-Flex technique. The statistical analysis results are summarized in Tables 5  and 6 . There was a significant difference between the FF LAVA-Flex and FF TEST for iron concentrations from 0 to 30 mg/mL (p ¼ 0.008-0.031) and fat components ranging from 10% to 80% (p ¼ 0.000-0.027). The 95% CI for the estimated fat content ranged from 0.36% to 36.24%. These findings indicate that even a small amount of iron deposition may result in an error in FF by the IOP and LAVA-Flex techniques based on the two-point Dixon technique. More specifically, FF underestimation might occur when using the two-point Dixon technique. Figure 5 shows the correlation between the FF IDEAL IQ and FF TEST using the IDEAL IQ technique. The statistical analysis results are summarized in Tables 7  and 8 . There was no significant difference between the FF IDEAL IQ and FF TEST for iron deposits from 0 to 20 mg/mL. The scatter points of the FF IDEAL IQ were very close to those of the FF TEST , and the linear correlation coefficients were high (r ¼ 0.89-0.98). The 95% CI for the estimated fat content values by the IDEAL IQ technique was more stable than that of the IOP and LAVA-Flex techniques. Linear correlations between R2* and the known iron concentrations were expectedly high (r ¼ 0.86-0.98) as shown in Table 9 . As shown in Figure 6 , R2* and the iron concentrations were well correlated.
Pathological assessments
Eleven patients were diagnosed with HCC and 15 were diagnosed with liver metastatic tumors from colorectal adenocarcinoma (n ¼ 6), pancreatic ductal carcinoma (n ¼ 7), and gastric adenocarcinoma (n ¼ 2). The pathological definitions and SAR evaluations for liver steatosis of the liver parenchyma outside the liver lesions were scored, revealing liver steatosis (n ¼ 14), hepatitis (n ¼ 3), and liver fibrosis (n ¼ 9). The SAR in patients without liver cirrhosis (17/26) was 11.31% AE 5.89%, and that in patients with liver cirrhosis (9/26) was 9.84% AE 4.17%.
Patient FF measurements
In the clinical study, the estimated FFs in patients without liver cirrhosis (17/26) were 15.76% AE 6.98%, 16.71% AE 6.77%, and 13.18% AE 6.42% using the IOP, LAVAFlex, and IDEAL IQ techniques, respectively. The FFs in patients with liver cirrhosis (9/26) were 20.35% AE 6.11%, 20.89% AE 8.49%, and 12.86% AE 4.00%, respectively. The most highly significant correlations were shown between the FF IDEAL IQ and the SAR values with or without liver cirrhosis (r ¼ 0.988, p < 0.001 or r ¼ 0.970, p < 0.001, respectively).
Discussion
MR imaging is inherently more sensitive to fat and iron deposition than CT and ultrasound. [24] [25] [26] MR imaging-based techniques of hepatic fat quantification can identify tiny changes in fat content. This characteristic makes MR imaging an effective tool to quantify hepatic fat and monitor the treatment of hepatic steatosis. 27 However, the signal-based FF is also confounded by many factors, including T1 and T2 bias, T2* decay, the complexity of fat spectral peaks, noise, and J-coupling. Hence, the resulting fat content may be subject to errors in measurement. Iron deposition is an often-encountered complicating factor that may cause local susceptibility changes and alter the T1 and T2 (T2*) relaxation times considerably. 28 Previous studies have shown that up to 40% of patients with NAFLD have iron overload, and growing evidence indicates that lipid accumulation and iron deposition in hepatocytes and Kupffer cells coexist in patients with chronic liver diseases. [29] [30] [31] Recent studies have shown that iron overload has synergistic and promoting effects on the occurrence and development of NAFLD. 19, 20 Its mechanism may be associated with hepatocyte fat accumulation, which leads to hypoxia and upregulation of ferritin expression. Upregulation of ferritin expression occurs by reducing the Note. R2*(s À1 ): R2* sequence was used to measure the iron quantitation; SD: standard deviation; F: significance test performed on the linear regression; r: linear goodness of fit; t: paired t test. *p < 0.05; **p < 0.01; ***p < 0.001.
synthesis of transferrin on the membrane surface, thereby reducing iron output and eventually resulting in accumulation of iron within liver macrophages. Moreover, a preclinical study showed that the hypoxia-inducible factor a concentration increases with exacerbations of nonalcoholic steatohepatitis. 32 Iron overload initiates the Haber-Weiss reaction, generating a large number of oxyradicals that damage hepatocytes and promote cholesterol synthesis, thus accelerating lipid accumulation and liver injury. 20 In a non-alcoholic steatohepatitis mouse model induced by feeding a methionine-and choline-deficent diet, the liver non-heme iron content and serum iron concentration changed significantly at 2 weeks (early stage). Mouse models of hepatic steatosis have further confirmed the synchronization of iron overload and fat accumulation. 33 Overall, evidence has suggested that either qualitative or quantitative assessments of liver fat content must take into consideration the impact of potential iron deposition, which is a challenging but practical issue.
In the present study, a water-oil phantom with iron deposition was constructed, and MR imaging techniques based on signal phase, two-point Dixon, and threepoint IDEAL were performed and compared. The Dixon technique achieves decomposition of water and lipids from different proton precession frequencies at known magnetic field strengths to allow calculation of the SI. However, this method is often subject to image phase errors caused by local field inhomogeneity. The spoiled gradient sequence used in IP and OP sequences is sensitive to the choice of flip angle; a flip angle that is too large causes a T1 effect that may lead to a fat quantification error. With higher iron concentrations, the fat content may show large deviations from baseline regardless of the fat content. The observed deviation from the measured fat content ranged from 20.0% to 53.7% in the present study. When the fat content was >50%, a fat saturation phenomenon appeared, and the phantom state had the potential to change from an oil-in-water to a water-in-oil phase. Linear regression shows that when the fat content exceeds 50%, fat prediction begins to stray.
Compared with the IOP technique, the LAVA-Flex image showed better and more homogenous fat suppression and lower magnetic susceptibility artifacts. LAVA-Flex also has the ability to generate water-only and fat-only results using IOP data. However, LAVA-Flex is vulnerable to the presence of iron; with increasing levels of iron deposition, the FF measurements behave similarly to the IOP image. Because of the field inhomogeneity caused by ferritin and hemosiderin that subsequently affect T1, T2, and T2 * relaxations, the reverse in the phase of signal differences may not robustly estimate the water and fat phases. When fat and iron coexist, IOP and LAVA-Flex imaging can both cause difficulty in fat quantification.
The IDEAL IQ technique is a 3D gradient echo imaging method that uses both magnitude and phase information from six echoes that are appropriate for the separation of water and fat signals. Multi-echo acquisition provides robust water and fat separation with T2* correction. T1 bias was largely avoided by using long repetition times and a flip angle of 3
. The spectral complexity of fat as well as noise can be well tolerated using multi-echo complex data. Complex-based techniques can reportedly achieve robust measurements for total fat ranging from 0% to 100%, which overcomes the 50% fat constraint faced by IOP and other two-point Dixon methods. 34 In the present study, the scattering of the FF measurements from the IDEAL IQ was gathered around the straight line of histological fat measurements. The difference between the two FF measurements was not statistically significant. These technical advantages not only improve the accuracy of fat or iron quantitation but also the reproducibility of the measurements, consistent with a previous study.
35
R2*estimation of the IDEAL IQ technique is generally performed by fitting an R2* signal model to an acquired multiecho data set. Noise and fat accumulation in the liver are common challenges in R2* estimation. This study showed that in the presence of a low iron content (<1 mg/mL of iron), the measured R2* was unstable and the measurement variations were too high. This might be related to the magnetic susceptibility artifact around the test tube. R2* and the iron concentration were highly correlated (R2* ¼ 0.83-0.98) regardless of the iron content. The first TE was 1.2 ms, which maintains the signal integrity even with high iron contents. Short echo spacing and first echo time are needed to handle the spectral complexity of the fat signal in case of severe iron overload.
In the clinical study, the FF of the IOP and LAVA-Flex methods overestimated the actual fat content in patients without liver cirrhosis (Figures 7 and 8) . The overestimation was more remarkable in patients with liver cirrhosis. These findings indicate that the FF based on the two-Dixon technique can misjudge the fat content because of the disturbance of iron deposition. However, the IDEAL IQ as the modified Dixon technique can be obtained with fly-back gradients for the quantification of hepatic steatosis. Additionally, multiple-site liver FF measurements can be taken for greater precision of the fat content quantification. In the present study, the FF of IDEAL IQ and SAR exhibited excellent correlations without or with liver cirrhosis (Figures 9  and 10 ). These results indicate that fat content quantification by the IDEAL IQ technique has the ability to be impervious to iron deposition and truly reflects the FF in the liver microenvironment. Together with the advanced fat quantification of the IDEAL IQ sequence, this technique can provide more accurate hepatic fat quantification than other Dixon methods, and the FF of the IDEAL IQ technique can be an optimal choice, especially in patients with drug-induced liver injury, repeated transfusion, and chronic diffuse liver diseases and in donor candidates before liver transplantation. Remarkably, there are many parameters related to fat quantification, and the rationality of the parameter setting directly determines the accuracy of fat quantification. Accurate adjustment of relevant parameters must be considered in practical applications. In addition, parameter standardization among different MR imaging devices is necessary to maximize the efficiency of clinical applications of FF quantification.
This study has several limitations. First, the water-oil phantom with iron deposition cannot completely replace the liver microenvironment in vivo. Second, during phantom measurement, the air gap around the test tube generated magnetic susceptibility artifacts, which may have affected the accuracy of the FF and R2* measurements. Third, in the clinical study, the number of patients was small. The number of enrolled patients should be increased in followup studies.
Conclusion
The IDEAL IQ technique using complex modeling allows evaluation of at least six peaks in the multi-peak fat spectrum. It can more accurately quantify the FF using the fat-fitting model with iron deposition. In this study, we found that the IDEAL IQ technique can provide a more accurate and robust FF in a complex liver microenvironment than can the IOP and LAVA-Flex techniques.
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